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Abstract
In this paper we give a comprehensive introduction to the mathemat-
ical definitions and ideas used to analyze origami. An origami is defined
as a two-dimensional plane projected into three dimensions by rotation
about a set of creases. We represent this rotation using matrices, and dis-
cuss the implied restrictions on the movement of origami structures. Flat
foldability conditions such as Kawasaki’s theorem determine whether lo-
cal crease patterns can be folded flat, and rigid foldability conditions de-
termine their range of motion. We extend one existing flat foldability
theorem to include a broader class of structures. Origami has inspired
designs for many engineering applications, such as efficient storage and
impact damping. Metallic origami structures are useful for impact damp-
ing because they absorb energy by metallic deformation and can return to
their original shapes. We create a design sketch for earthquake damping
using origami, and outline how one might use the mathematical principles
discussed in this paper to find an optimal design for this application.
1 Introduction
Origami is the ancient art of folding paper to resemble objects, animals, or
artistic designs. It usually refers to the folding of a single piece of square paper
without cutting or tearing. In the mid 1900’s, scientists, mathematicians, and
engineers began to take a geometric approach to analyzing origami [9]. Over
the years, mathematical algorithms were developed that could produce almost
any origami shape imaginable [9]. In addition, mathematical methods derived
from analyzing origami were applied toward major innovations that have little
to do with paper folding. For example, engineers have designed thin-walled
tubes with perforated patterns for impact damping in cars [8]. In an impact,
regular tubes would hold firmly in their place, but these perforated tubes would
be completely crushed in a geometric pattern, and this lessens the impact on the
people inside the car. This is just one of many amazing examples of innovations
that exist because of origami mathematics [5, 6, 12].
2 The Definition of Origami
There are many ways to represent origami mathematically. Some examples in-
clude matrices, polygons, and graph theory [9]. We use the following definitions:
Definition 1. A crease pattern is a graph on a 2D planar surface.
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Figure 1: The crease pattern of a simplified paper crane. Creases are represented
by solid lines [3].
If a piece of paper were folded and unfolded, the crease pattern would cor-
respond to the set of crease lines visible on the paper. It is the collection of
vertices and edges, which we call creases, that indicate where the paper will be
folded (See Fig. 1).
Definition 2. Faces refer to areas on a 2D surface that are partitioned by the
creases in a crease pattern (See Fig. 1).
Definition 3. An origami is a function that projects a 2D plane with a crease
pattern into three dimensions by rotating faces about creases by an angle γ,
referred to as the crease angle (See Fig. 2 and Fig. 3).
We assume that all origami structures are rigidly folded.
Definition 4. A rigid folding is a folding where faces are not curved, sheered,
or stretched, and do not change in size.
Figure 4 depicts a face that has not been kept rigid.
3 Flat Folding
For numerous applications, it is important that structures can fold flat. For
example, it is easier and more compact to store cardboard boxes when they are
folded flat than when they are folded into cubes. Therefore, much of origami
mathematics revolves around determining which crease patterns can be folded
flat, and which cannot.
Definition 5. A flat origami is an origami that projects a 2D plane into two
dimensions. A crease pattern is considered flat foldable if there exists a corre-
sponding flat origami.
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Figure 2: The origami function translates a crease pattern to a folded crane by
rotating its faces about its creases [3].
Figure 3: The angle γ is the angle of rotation about a crease.
Figure 4: An example of a face that is curved, and therefore not rigid [3].
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Figure 5: A local vertex fold. The image on the right depicts a local vertex crease
pattern, and the image on the left depicts a cross section of the corresponding
folded structure [2].
Flat origamis consist only of mountain folds and valley folds.
Definition 6. Mountain folds are mapped to γ = pi radians, and valley folds
are mapped to γ = −pi radians. Creases in the crease pattern that are mapped
to γ = pi or −pi radians are considered to have a mountain assignment, or a
valley assignment, respectively.
We begin our investigation of flat-foldability by considering only the prop-
erties of crease patterns about single vertices.
Definition 7. A local vertex crease pattern consists of a planar region confined
by a closed loop with a single vertex in the middle and creases radiating outward.
The angle between creases, or face angle, is denoted α (See Fig. 5).
The following conditions are used to determine whether or not a local vertex
origami is flat foldable.
Theorem 1. (Kawasaki 1976) If a local vertex crease pattern is flat foldable,
then the sum of odd face angles is equal to the sum of even face angles.
α1 + α3 + α5 + ... = α2 + α4 + α6 + ... (1)
[2].
Proof. Consider a flat folded local vertex origami with a closed loop L around
the central vertex. Since L is a loop, it can be traced from an original starting
point and end at the same point. As shown in Figure 6, we choose a starting
point along L on face 0 and begin traveling along L to the left. We must reverse
direction every time we traverse a crease. Since we end in the same position
along L that we started, the distance traveled to the left must equal the distance
traveled to the right. The distance traveled left corresponds to the sum of all
the even angles and the distance traveled right corresponds to the sum of all
the odd angles. Since these values are equal, the sum of the odd angles is equal
to the sum of the even angles.
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Figure 6: The path around a closed loop on a folded structure. The distance
traveled to the left must equal the distance traveled to the right.
Figure 7: The rotation around a closed loop on the folded structure. The total
angle rotated must equal ±2pi radians.
Theorem 2. (Maekawa 1985) Let M denote the number of creases with a moun-
tain assignment and let V denote the number of creases with a valley assignment.
If a local vertex crease pattern is flat foldable, then
M − V = ±2 (2)
[2].
Proof. Consider a flat folded local vertex origami with a closed loop L around
the central vertex. Since L is a loop, it can be traced from an original starting
point and end at the same point. As we trace L, every time we traverse a
mountain fold, we must rotate by pi radians, and every time we traverse a valley
fold, we must rotate by −pi radians (See Fig. 7). To travel around the entire
loop and end up back at the starting point, we must rotate a total 2pi or −2pi
radians. Therefore, there must either be two more mountain folds than valley
folds, or two more valley folds than mountain folds.
Theorem 3. (Kawasaki 1976) If a local vertex crease pattern is flat foldable,
and the angle of face i, αi, is smaller than the angles of its neighboring faces,
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Figure 8: Segment of a local vertex crease pattern where αi is smaller than αi−1
and αi+1. The image on the right depicts the structure with ei+1 folded. ei
cannot be folded upward without creating a new crease.
αi−1 and αi+1, then of the two creases adjacent to αi, one must have a mountain
assignment, and one must have a valley assignment [2].
Proof. (Contradiction) Suppose that there exists an angle αi that is smaller
than αi−1 and αi+1, with two creases, ei and ei+1, adjacent to αi that both
have valley assignments. If we fold ei first, then face i lies on top of ei+1,
and ei+1 cannot be folded without creating new creases (See Fig. 8). And if
we fold ei+1 first, then face i lies on top of ei, and ei cannot be folded without
creating new creases. Therefore, ei and ei+1 must have opposite mountain-valley
assignments.
To include local vertex crease patterns that do not have any locally minimum
face angles, we have recently proved Theorem 4. This extends Theorem 3 to the
case that multiple adjacent faces have equal face angles that are smaller than
the two neighboring angles.
Theorem 4. (Martin 2019) If a local vertex crease pattern is flat foldable and
there exists a series of n adjacent faces that all have an angle a (αi = αi+1 =
. . . = αi+n−1 = a) where a is smaller than the angles of the two neighboring
faces, αi−1 and αi+n, then at least one of the faces with angle a has two adjacent
creases with opposite mountain valley assignments.
Proof. (Contradiction) Suppose that there exists a series of n adjacent faces with
equal angles, a, and neighboring angles, αi−1 and αi+n, that are both greater
than a. Let ei and ei+n denote the two creases to the outside of this series of
faces. Assume that ei, ei+1, ... ei+n−1, and ei+n all have valley assignments.
If we fold ei first, then face i-1 lies on top of ei+1, and ei+1 cannot be folded
without creating new creases. If we fold ei+n first, then face i+n lies on top of
ei+n−1, and ei+n−1 cannot be folded without creating new creases. If we start
by folding one of the interior creases, then its neighboring creases lie on top of
each other, and they cannot both be folded inward without self-intersection (See
Fig. 9). Therefore, at least one of the faces with face angle a has two adjacent
creases with opposite mountain valley assignments.
Theorem 5. (Hull 1994) If the conditions in Theorems 1, 2, 3, and 4 are true
for a given crease pattern, then there exists a corresponding flat origami [2].
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Figure 9: Segment of a local vertex crease pattern with a series of n adjacent
faces that all have a face angle a that is smaller αi−1 and αi+n. The image on the
upper right depicts the structure with ei+n folded. ei cannot be folded without
creating a new crease. The image on the lower right depicts the structure with
an interior crease folded. The adjacent creases cannot both be valley folds
without intersecting.
Proof. (Induction) Consider an origami in its folded state that follows conditions
1, 2, 3, and 4.
Case 1. There exists a locally minimum angle αi: Find a face, i, with angle αi
that is smaller than its two adjacent angles. By condition 3, the two adjacent
creases, ei and ei+1 must have opposite mountain-valley assignments. Delete
the face i along with the adjacent portion of face i+1 that has angle αi. Attach
the rest of face i+1 to face i-1 to create a new face.
Case 2. There does not exist a locally minimum angle: Find a face, j, with angle
αj that is equal to the angle of its neighboring face, αj+1, whose creases have
opposite mountain valley assignments. Theorem 4 guarantees that this exists
as long as there are more than two faces. Delete face j and face j+1. Merge
creases ej and ej+2 to create a new crease.
We repeat this process using either the procedure in Case 1 or the procedure in
Case 2, until there are only two faces left (See Fig. 10). At each step, we remove
one mountain fold and one valley fold, and this guarantees that the condition
in Theorem 2 holds. We also remove the same total face angle from the odd
faces as from the even faces, and this guarantees that the sum of the odd angles
remains equal to the sum of the even angles, and the condition in Theorem 1
holds. By Theorem 1, the face angles of the two faces must be equal, and by
Theorem 2, both creases must have the same mountain-valley assignment. We
know that this final structure is flat. Therefore, the original origami is flat by
induction.
We now extend this investigation of flat-folding to global crease patterns.
Bern and Hays show that even when every vertex is locally flat foldable, and
satisfies the hypotheses in Theorems 1, 2, 3, and 4, the crease set as a whole is
not guaranteed to be flat foldable [2]. Figure 11 depicts an example of such a
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Figure 10: Induction steps for the proof of Theorem 5. The top row of images
depicts the process (Case 1) of deleting face i along with the adjacent portion of
face i+1 with the same angle, and attaching the two free edges. The bottom row
of images depicts the process (Case 2) of deleting faces j and j+1 and merging
the two free edges.
crease pattern.
Determining flat foldability for an arbitrary crease pattern is an NP com-
plete problem. This means that there is no known algorithm for determining
whether a crease pattern is flat foldable in polynomial time. For an origami
with many vertices and creases, this problem would take so many calculations
that a computer could not complete them in a reasonable amount of time [2].
4 Matrix Representation
One method of representing folded origami structures analytically uses matrices.
This is useful for many mathematical applications [10]. We again consider a
closed loop about a single vertex and assign a set of orthonormal vectors to
each face (See Fig. 12). For face i-1,i between creases i-1 and i, the vector ~L
points along crease i-1, the vector ~N points normal to the surface of face i-1,i,
and the vector ~M is orthonormal to ~N and ~L. For a folded structure, we use
the matrix Xi−1,i to represent the rotation of the vectors form face i-1,i to face
i,i+1. Xi−1,i is defined in Equation 3.
Xi−1,i = Yi−1,iPi =
cosαi−1,i −sinαi−1,i 0sinαi−1,i cosαi−1,i 0
0 0 1
1 0 00 cosγi −sinγi
0 sonγi cosγi
 (3)
where Yi−1,i is yaw, the rotation about the central vertex by the angle αi−1,i,
and Pi is pitch, the rotation about the crease i by the angle γi.
For any closed loop on an origami structure,
X0,1X1,2...Xn−1,0 = I (4)
because the final set of vectors is the same as the initial set of vectors. Tachi
shows that we can derive the properties of any loop on the origami surface
using only the properties of loops around individual vertices. This is because
any closed loop can be contracted to multiple loops around individual vertices
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Figure 11: An example of a crease pattern where all vertices are flat foldable,
but the overall crease pattern is not [3].
Figure 12: Figure depicting the transformation from one set of orthonormal
vectors to the next. Two faces in a local vertex crease pattern are shown, and
vectors are depicted by red arrows.
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[10]. This is useful, because it provides a method of analyzing origami structures
globally using only local loops. This matrix representation can also be used to
understand how structures move continuously depending on the orientation the
creases.
5 Rigid Foldability and Infinitesimal Folding
In addition to flat foldability, rigid foldability is an important defining charac-
teristic for origami structures.
Definition 8. A rigid foldable crease pattern is a crease pattern in which the
fold angles can continuously change while the origami remains rigid.
Rigid foldability is a more general condition than flat foldability, as some
rotation about creases is possible, but not necessarily to pi radians. Therefore
flat foldable origami structures are a subset of rigid foldable origami structures.
Equation 4 gives a geometric restriction on the fold angles of rigid foldable
structures. Equation 5 is derived by taking the derivative of Equation 4 to a
first order Taylor approximation.
Definition 9. A local vertex crease pattern is first-order rigid foldable if∑
i=0
∆γi lˆi = 0 (5)
Here, ∆γi is the infinitesimal change in the fold angle of crease i, and lˆi is the
unit vector that points along crease i [4].
Equation 6 is derived by taking the second order Taylor approximation of
the derivative of Equation 4.
Definition 10. A local vertex crease pattern is second-order rigid foldable if∑
i,j(i<j)
||∆γi lˆi ×∆γj lˆj || = 0 (6)
Detailed derivations of Equations 5 and 6 can be found in [4].
Demaine et. al. prove that this second-order rigid foldability condition is
sufficient for a local vertex crease pattern to be rigid foldable [4]. However,
as with flat foldability, it is NP hard to predict global rigid foldability for an
arbitrary crease pattern, even if it is second-order rigid foldable [1]. Despite
this, rigid foldability conditions can be useful for analyzing known structures
and predicting how crease angles change with time depending on the orientation
of the creases.
5.1 Reciprocal Figures
In order to understand and visualize rigid foldability for local vertex crease
patterns, we can depict origami using reciprocal figures.
Definition 11. A reciprocal figure is a directed dual graph of a crease pattern
where each face has a signed area [10].
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Figure 13: A local vertex crease pattern (left) and its reciprocal figure (right).
Each edge in the reciprocal figure corresponds to the edge of the same color in
the original crease pattern. Negative area is colored grey.
The direction of the arcs in the reciprocal figure is found by rotating the
vector, ~li, that points away from the central vertex by
pi
2 radians clockwise if
the fold angle is positive and counterclockwise if the fold angle is negative. For
example, the blue crease in Figure 13 folds in the negative direction while all
other creases fold in the positive direction. The area of a face is positive if the
arcs are directed clockwise around it, and the area is negative if the arcs are
directed counterclockwise around it. Theorems 6 and 7 relate reciprocal figures
to rigid foldability.
Theorem 6. A reciprocal figure exists iff there exists a folding motion such that∑
∆γi lˆi = 0.
Proof. Assume that there exists a folding motion such that
∑
i=0 ∆γi lˆi = 0.
Construct a dual graph so that the length of arc i, li is equal to ∆γi. Then∑
li lˆi = 0, and the reciprocal figure is a closed loop.
Next, assume that there exists a nontrivial reciprocal figure. For each edge i
of the crease pattern, set ∆γi equal to li in the reciprocal figure. Since the
reciprocal figure is a closed loop,
∑
li lˆi = 0, and therefore
∑
i=0 ∆γi lˆi = 0.
Theorem 7. A zero-area reciprocal figure exists iff there exists a folding motion
such that
∑
i,j(i<j) ||∆γi lˆi ×∆γj lˆj || = 0 and
∑
i=0 ∆γi lˆi = 0.
Proof. Assume that there exists a folding motion such that
∑
i,j(i<j) ||∆γi lˆi ×∆γj lˆj || =
0 and
∑
i=0 ∆γi lˆi = 0. There exists a reciprocal figure by Theorem 6. Let the
length of each edge i, li, in the reciprocal figure equal ∆γi. Let ~xi and ~xi+1
be the locations of the vertices incident to edge i in the reciprocal figure. Then
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∆γi lˆi = ~xi+1 − ~xi. (Here, we ignore the 90 degree rotation.) So∑
i,j(i<j)
||∆γi lˆi ×∆γj lˆj || =
∑
i,j(i<j)
||(~xi+1 − ~xi)× (~xj+1 − ~xj)|| =
∑
i=1
||(~xi − ~x0)× (~xi+1 − ~xi)|| =∑
i=1
||~xi × ~xi+1 + (~x0 × ~xi − ~x0 × ~xi+1)|| =∑
i=1
||~xi × ~xi+1||
Here, the third and fifth equalities follow by telescoping series. The formula∑
i=1 ||~xi × ~xi+1||, known as the Shoelace Formula, gives two times the signed
area of the polygon formed by ~x0, ~xi, ... ~xn−1 which, by the original equation,
is equal to zero. Therefore a zero-area reciprocal figure exists.
Next, assume that there exists a reciprocal figure with zero area. Let ∆γi
equal the length of each edge i in the reciprocal figure. Use the reverse argument
to show that
∑
i,j(i<j) ||∆γi lˆi ×∆γj lˆj || = 0.
Theorems 5 and 6 imply that the existence of a zero-area reciprocal figure
determines rigid foldablility for a local vertex crease pattern. In addition, the
lengths of the arcs in the reciprocal figure correspond to the relative change in
the corresponding fold angles as the structure folds.
5.2 Quadrilateral Mesh
We examine quadrilateral mesh origamis, which are a widely used subclass of
origami structures.
Definition 12. A quadrilateral mesh is a crease pattern in which all vertices
and faces are adjacent to exactly four creases [11].
Unlike arbitrary global crease patterns, there exists a geometric algorithm
for determining the rigid foldability of quadrilateral meshes. Therefore rigid
foldability is not an NP hard problem for this class of structures [11].
Given a local vertex crease pattern with four creases as shown in Figure 14,
Huffman derives Equations 7 and 8 which assume that γCD folds in the opposite
direction as the other angles [7].
γCD = −γAB (7)
γDA = γBC (8)
Equations 9 and 10, give the relationships between γAB and γBC [11]. From
these, along with Equations 7 and 8, we can determine the relationship between
any two fold angles in a local vertex crease pattern with four creases:
cos(γAB) = f(cos(γBC)) = K +
1−K2
cos(γBC) +K
(9)
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Figure 14: Local vertex crease pattern with four creases.
Figure 15: Global quadrilateral mesh structure. A single face loop is shown.
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K =
1 + cos(αA) cos(αB)
sin(αA) sin(αB)
(10)
We now focus on global quadrilateral meshes. As shown in Fig. 15, vertex
i,j is in the ith row and the jth column of creases. The global structure is rigid
foldable iff the fold angles of each vertex are consistent with Equation 9. The
function f represents the translation from the fold angle of a vertical crease to
the fold angle of a horizontal crease. Therefore the function f−1 represents the
translation from the fold angle of a horizontal crease to the fold angle of the
next vertical crease over, since it rotates in the opposite direction as f . The
left hand side of Equation 11 represents the translation about the perimeter of
a face, shown in Figure 15. Equation 11 is true for all i and j, iff the global
structure is rigid foldable.
fi,j+1(f
−1
i+1,j+1(fi+1,j(f
−1
i,j (x)))) = x (11)
where x = cos(γ) for any −pi < γ < pi. Further, we derive the following rigid
foldability criterion from Equation 11 [11].
A quadrilateral mesh is rigid foldable iff
AjBj+1 −Aj+1Bj = 0 (12)
where
Aj = −Ki,j +Ki+1,j (13)
Bj = 1−Ki,jKi+1,j (14)
6 Earthquake Damping
During an earthquake, tall buildings can experience major structural damage
and possibly collapse as a result of shock waves. To help avoid or reduce this
damage, engineers design and retrofit buildings with dampers that are equipped
to absorb energy from earthquakes. One kind of earthquake damper is the metal-
lic deformation damper which absorbs energy through metallic deformation, or
spring energy (see Fig 16.)
Origami-inspired structures work well as metallic deformation dampers, be-
cause they can absorb energy as their creases bend, their designs are relatively
easy to manipulate for specific applications, and given a malleable enough ma-
terial, they can return to their original shapes with minimal damage. We exam-
ine a specific origami tube structure, shown in Figure 17 for use in earthquake
damping by metallic deformation. This design was provided by Yasuda and
Yang [13].
To calculate the energy absorbed by the folding and unfolding of this struc-
ture, we use Equation 15.
Energy = M
∑
i
∆γiLi (15)
Here, M is a constant depending on the material, ∆γi is the change in fold angle
i, and Li is the length of crease i [14].
We can calculate how the individual fold angles change as a function of
compression length using the relationships given in Equations 5, 7, 8, and 9.
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Figure 16: Photograph of a metallic deformation damper.
Figure 17: Proposed origami design for use as a metallic deformation damper.
[13]
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Figure 18: Proposed implementation for an origami earthquake damper.
Figure 19: Front and side view of one section of the origami tube with dimen-
sions.
The energy equation for one section of this tube structure, shown in Figure 19,
is given by Equation 16.
Energy =
8M∆δ
cos(γ1/2)
(C
H
+
2 sin(γ1)(1− k2)
sin(α) sin(cos−1( 1−k2cos(γ1)−k − k))(cos(γ1)− k)2
)
(16)
Here,
k =
1 + cos2(α)
sin2(α)
(17)
The constants C, H, α, and γ1 are shown in Figure 19 and ∆δ is the compression
length for one section of tube.
7 Conclusion
We have made use of many mathematical modelling techniques to examine the
characteristics of origami structures. Flat foldability conditions for local ver-
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tex crease patterns are derived from basic loop conditions, and can determine
whether an arbitrary local vertex crease pattern can be folded flat. Mathe-
matical derivations from rotation matrices provide equations that describe how
specific structures fold. These tell us whether a given local vertex crease pat-
tern is capable of rigidly folding continuously, and how the individual fold angles
change relative to each other as the structure folds. While determining flat fold-
ability and rigid foldability for arbitrary global structures is an NP complete
problem, the associated conditions are still useful for many applications. For
example, they can give important geometric relations for quadrilateral mesh
structures.
There are many potential engineering applications for origami mathematics,
including architecture, robotics, and energy absorption. We focused on the use
of origami structures in earthquake damping by metallic deformation. We used
the geometric relations presented in this paper to calculate the amount of energy
a specific structure could absorb as a function of crushing distance. If we were
to continue with the implementation of this design, the next steps would be
to look for possible materials and optimize the design so that is is capable of
absorbing the desired amount of energy.
References
[1] Hugo Akitaya et al. “Rigid Foldability is NP-Hard”. In: arXiv preprint
arXiv:1812.01160 (2018).
[2] Marshall Bern and Barry Hayes. “The complexity of flat origami”. In:
SODA. Vol. 96. 1996, pp. 175–183.
[3] Bernard Dacorogna, Paolo Marcellini, and Emanuele Paolini. “Lipschitz-
continuous local isometric immersions: rigid maps and origami”. In: Jour-
nal de mathe´matiques pures et applique´es 90.1 (2008), pp. 66–81.
[4] Erik D Demaine et al. “Zero-Area Reciprocal Diagram of Origami”. In:
Proceedings of IASS Annual Symposia. Vol. 2016. 13. International Asso-
ciation for Shell and Spatial Structures (IASS). 2016, pp. 1–10.
[5] HC Greenberg et al. “Identifying links between origami and compliant
mechanisms”. In: Mechanical Sciences 2.2 (2011), pp. 217–225.
[6] Edwin A Peraza Hernandez, Darren J Hartl, and Dimitris C Lagoudas.
“Kinematics of origami structures with smooth folds”. In: Journal of
Mechanisms and Robotics 8.6 (2016), p. 061019.
[7] David A. Huffman. “Curvature and creases: A primer on paper”. In: IEEE
Transactions on computers 10 (1976), pp. 1010–1019.
[8] Jiayao Ma. “Thin-walled tubes with pre-folded origami patterns as energy
absorption devices”. PhD thesis. University of Oxford, 2011.
[9] Koryo Miura et al. Origami 6: I. Mathematics. Vol. 95. American Math-
ematical Soc., 2015.
[10] Tomohiro Tachi. “Design of infinitesimally and finitely flexible origami
based on reciprocal figures”. In: J. Geom. Graph 16.2 (2012), pp. 223–
234.
17
[11] Tomohiro Tachi. “Generalization of rigid-foldable quadrilateral-mesh origami”.
In: Journal of the International Association for Shell and Spatial Struc-
tures 50.3 (2009), pp. 173–179.
[12] Pai Wang et al. “Harnessing buckling to design tunable locally reso-
nant acoustic metamaterials”. In: Physical review letters 113.1 (2014),
p. 014301.
[13] H Yasuda and Jinkyu Yang. “Reentrant origami-based metamaterials with
negative Poisson’s ratio and bistability”. In: Physical review letters 114.18
(2015), p. 185502.
[14] Junyuan Zhang et al. “Axial crushing theory of metal-FRP hybrid square
tubes wrapped with antisymmetric angle-ply”. In: Thin-Walled Structures
137 (2019), pp. 367–376.
18
